.O Introduction
The irradiation environment experienced by the in-vessel components of fusion reactors such as the International Thermonuclear Experimental Reactor (ITER) presents structural design challenges not envisioned in the development of existing structural design criteria such as the ASME Code [ 11 or RCC-MR [2] . From the standpoint of structural design criteria, the most significant issues stem from the irradiation-induced changes in material properties, specifically the reduction of ductility, strain hardening capability, and fracture toughness with neutron irradiation. These effects call into question the basis of the design rules in existing structural design criteria which assume that only code-approved materials with high toughness, ductility and strain hardening capability will be used. The present paper reviews the basis of new rules that address these issues in Draft 5 of the interim ITER structural design criteria (ISDC) which was released recently for trial use by the ITER designers.
Irradiation effects on material properties
Since most near-term fusion reactors such as ITER will use austenitic stainless steel as structural material, the present paper will focus on this material. Austenitic stainless steels are known to be embrittled by fission neutron environment. Such effects may be further exacerbated by significant generation of transmutation products like He under fusion neutron environment. Typical stress-strain curves for fission reactor irradiated type 316 stainless steel at room temperature are shown in Fig. 1 [3] . Three things are to be noted:
(1) The material hardens significantly with fluence; the yield strength (Sy) increases by a factor of 3-4 compared to the unirradiated value.
(2) The strain hardening capability decreases with fluence; the material behaves essentially as an elastic-perfectly-plastic material beyond a fluence of 5 dpa.
(3) Both the total and uniform elongation (eU) decrease with fluence; in particular, the uniform elongation reaches a very low value at 10 dpa.
In addition to tensile properties, fracture toughness and fatigue crack growth resistance properties of some (not all) stainless steels may also decrease significantly by neutron fluence [4] [5] . Stainless steels also exhibit irradiation-induced creep and swelling, although for first walls operating at low temperatures (535OoC), swelling should not be a problem.
Elastic follow up factor (r-factor)
The design rules in existing design criteria such as the ASME Code and RCC-MR are based on limit analysis of plasticity which assumes that materials have unlimited ductility. The new elastic-analysis design rules that are proposed in the ISDC consider materials with reduced ductility and are based on the concept of elastic follow up factor [6-71. Consider a generic point in a structure where the elastically calculated stress and strain are denoted by Gel and Eel, respectively and the actual stress and strain are denoted by ON and EN, respectively (Fig. 2) . Define the abscissa of the point of intersection of the strain axis with the extended line joining the elastic point to the actual stress-strain point (EN, ON) (Fig. 2) as rGl where r is the elastic follow up factor. Then r can be shown to be given by the following:
where E is the Young's modulus. Equation 1 can be rewritten in terms of the actual plastic strain ~~1 as follows:
For purely secondary stresses, r=l and for purely primary stresses, r==. In general, r depends on the geometry, load level, and the stress-strain curve of the material. For a large variety of structures, the value of r can be bounded, which effectively allows the actual stress and strain in the structure to be estimated conservatively.
Analytical solutions for r factor
Closed form analytical solution for the r-factor has been obtained for displacementcontrolled three-point bend loading of a beam with bilinear stress-strain curve. The results plotted in fig. 3 clearly show that r remains bounded as long as the material is strain hardening, but is unbounded when it is elastic-perfectly-plastic (EFO). An analytical expression for r-factor can be established approximately by using Neuber's rule for the tensile loading of a notched bar with a stress concentration factor KT:
where n is the strain hardening exponent. Because of the constraining effects of the notch, r remains bounded for the perfectly plastic case (n=O).
Equation (1) has been applied to a large number of components by Roche [6], Iida et al. [7] , and Takakura et a1. [8] for creep-fatigue analysis. The analyses confirmed that, as long as the stresses were within the design allowable limits, the value of r was always significantly less than 3. However, the r-factor approach has not generally been applied to higher load levels.
3.2

Experimental determination of r factor
A number of three-point bend tests (1.5 in. span, 0.04 in. thick and 0.5 in. wide) and notched (stress concentration factor KT = 4) tensile tests on irradiated type 304 stainless steel were conducted by Garkisch, Fish, and Haglund [9] and Fish [ 101, respectively. Using their test data and tensile properties of the irradiated material, the values of r at rupture can be calculated and plotted against the uniform elongation (representing the strain hardening of the material), as shown in Fig. 4 . Except for a few points, the analytically calculated r values for the same tests compare reasonably well with the experimentally determined r values (Figs. 4-5) . Note that the trend curve in Fig. 4 for the three-point bend tests c o n f i i the analytical prediction that although the r value can be very large for low uniform elongation (Le. , low strain hardening), it decreases with increasing uniform elongation.
In the ISDC, the value of the r factor away from notch roots is set conservatively equal to 00 whenever the uniform elongation drops below 2%. For materials with uniform elongation >2%, the value of r factor is set equal to the greater of 4 and KT.
irradiation effects on structural damage
The basic structural damages (excluding buckling) have been broadly categorized in the ISDC as belonging to either M-type (monotonic) damage or C-type (cyclic) damage, depending on whether they can potentially cause structural failure during the first application of the loading or by repeated application of the loading, respectively. Although both types of damages are considered in all structural design criteria, this classification is explicitly used to organize the design rules in the RCC-MR and has also been followed in the ISDC.
Necking and plastic collapse
To prevent damage by necking and plastic collapse, both the RCC-MR [2] and the ASME Code [I] require that the primary membrane (Pm and PL) and bending (Pb) stress intensities satisfy the following two limits :
PL+Pb<KS, where Sm is the allowable primary membrane stress intensity (depends on the yield and ultimate tensile strengths) and K is the bending shape factor (=1S for solid rectangular section). Because of possible loss of irradiation hardening due to cyclic straining or thermal annealing, no advantage is taken in ISDC of an increased Sm due to irradiation hardening. Further, to account for possible loss of ductility, the approach taken in the ISDC is to adopt an equation similar to Eq. (4b), but replacing K by a &ff such that comparable safety factors are maintained. A simple model of a rectangular section beam of a material with bilinear stress-strain curve was used to derive an expression for &ff, which reduces to K (=1.5) for infinite ductility and to 1 for zero ductility. However, for type 316 LN-IG austenitic stainless steel, the corrections for &ff are rather small. For example, even though its uniform elongation drops rapidly from 10% to 0.3% beyond a threshold of 7 dpa [3] , the value of &ff for a solid rectangular section is reduced from 1.5 to only 1.38.
Plastic flow localization
Plastic flow localization is a form of non-linear instability like necking which occurs in materials whose strain hardening capability has been reduced si@icantly by neutron irradiation. Generally, the effects of small surface imperfections are entirely local and do not affect the overall behavior of the structure because strain hardening homogenizes the plastic strain. On the other hand, the presence of small surface notches in a material with low strain hardening capability can lead to failure of the structure by plastic flow localization. Stated alternatively, the r value for a structure made of such a material can be much higher than one made with a material with higher strain hardening capability. An example of flow localization obtained by the finite element analysis of a tensile specimen (with a small surface flaw) subjected to end displacement is shown in Fig. 6. Fig. 7 shows that the calculated (material modeled as bilinear with yield strength S , and tangent modulus ET) peak plastic strain on the surface opposite from that containing the notch increases rapidly with decreasing ET at ET/S~ = 2, which corresponds approximately to a uniform elongation of 2%. Thus, very little strain hardening is needed to keep the plastic flow localization effects of the notch from spreading through the thickness. If the perturbation were caused in such a material by a long wavelength thickness variation rather than an abrupt notch, necking (which is also a form of flow localization) would be predicted. To prevent either form of damage from occurring in an irradiated material due to combined primary and secondary membrane stresses (PL(or P, ) + QL ), the following new rule (S, rule without the safety factors), based on Eq. (2) and using the elastic follow up factor (rfactor), has been introduced in the ISDC. where Su is the ultimate tensile strength and 4 i f~, 22% =if€, ~2 % For unirradiated annealed austenitic stainless steels (sU-20%), the numerical values of Se are orders of magnitude higher than the maximum stresses expected in ITER and Eq. (5a) is never controlling. It may become controlling only when the material is sufficiently embrittled by irradiation so that the uniform elongation is reduced significantly.
4.3
Local fracture due to exhaustion of ductility
Local fracture due to exhaustion of ductility can occur in irradiated materials in two ways. First, it can occur at zones of stress concentration where, due to local plastic flow and high triaxiality of the stress field, the available ductility may become depleted. Second, it can occur in areas of high elastic follow up. To prevent both types of damage from occurring, the following new rule (sd rule without the safety factors), again based on Eq. (2) and using the elastic follow up factor, is introduced in the ISDC to limit the local plastic strain to the true strain at rupture after correction for triaxiality of the stress field.
where St, is the true stress at rupture and in a zone of stress concentration ( PL + Pb + Q + F ) and away from zones of stress concentrations or excluding peak stresses ( PL + Pb + Q:
Conclusions
Simple rules to account for the loss of uniform elongation (strain hardening) and true strain at rupture due to irradiation have been included in the ISDC. First, the bending shape factor for primary bending stress has been redefined to account for possible loss of ductility. Second, new elastic-analysis rules for combined primary and secondary stresses have been included using the concept of elastic follow up factor (r-factor) which can be used to estimate the actual stress and plastic strain in a structure conservatively.
Available three-point bend and notched tensile test data on irradiated type 304 stainless steel have been compared with analytical model predictions to validate the r-factor methodology for these tests. Based on these tests and analytical predictions, the value of the r-factor has been set equal to infinity when the uniform elongation of the material drops below 2%. For higher values of uniform elongation, the value of r has been set equal to the greater of 4 and the stress concentration factor KT. r 800.
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